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GROUND.PENETRATING RADAR FOR STRATA CONTROL 

By Ronald H. Church, 1 William E. Webb,2 and James R. Boyle, Jr.l 

ABSTRACT 

As part of the Bureau of Mines health and safety research program in 
strata control, a ground-penetrating radar (GPR) system capable of pene­
trating approximately 10 ft into the mine roof has been devised to iden­
tify anomalistic conditions. The GPR system consists of a transmitter 
with carrier frequencies of 250, 500, and 1,000 MHz, utilizing a dipole 
antenna, and a receiver, consisting of a dipole antenna fed into a sam­
pler with a time base housed in a storage oscilloscope. A computer was 
utilized for data acquisition and data processing. 

Data analysis by computer enhancement revealed recognizable return ra­
dar signatures from the middle man rock and main roof of the test site. 
These stratigraphic anomalies can be cataloged for recognizable fea­
tures, which from the past history of the mine may have been shown to 
create strata control problems. Early recognition of such features 
could lead to immediate corrective actions and result in the saving of 
lives. 

1Mining engineer, Tuscaloosa Research Center, Bureau of Mines, Tuscaloosa, AL. 
2physical scientist, Tuscaloosa Research Center; professor of electrical engineer­

ing, University of Alabama, Tuscaloosa, AL. 
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INTRODUCTION 

Historically, the failure of mine roof 
strata has been the primary cause of ac­
cidental death of miners in underground 
coal mines. Mine roof falls are often 
associated with fractures, voids, strata 
changes, and other defects that exist 
within a few yards of the surface of the 
roof. At present there are no reliable 
means of determining the structure of a 
mine roof other than by drilling at pre· ­
determined intervals to determine the ac­
tual geologic nature, which is a slow 
process and is site specific. A means to 
quickly, accurately, and economically 
survey conditions behind the immediate 
roof would be an invaluable aid in roof 
strata control. With the passage of the 
Coal Mine Health and Safety Act of 1969, 
research in strata control has expanded 

into the use of electronic and electro­
magnetic devices to detect strata types 
or transitions that could lead to roof 
failure, such as fractures, voids , strata 
changes, and other anomalistic 
conditions. 

A reviehl of GPR development has been 
compiled (l)o3 Much of this work has 
been done by or through the Bureau's re­
search efforts. Successful deployment of 
a GPR system would eliminate exposing 
mining personnel to the hazards associ­
ated with the roof-drilling operation and 
would improve operation efficiency. 
Early recognition of the features associ­
ated with roof failure could lead to im­
mediate corrective actions and result In 
the saving of lives. 

TECHNICAL BACKGROUND 

In recent years GPR has been used in a 
number of applications in the mining in­
dustry, including geological exploration 
(2), measurement of coal seam thicknesses 
(3-5), and location of abandoned mine 
t u nn els, voids, and seam anomalies (6-7). 
The major problem encountered in GPR use 
has been the extremely high attenuation 
of the signal at conventional radar fre­
quencies. Because this attenuation in­
creases rapidly with increasing frequen­
cy, it is desirable to use the longest 
wavelength possible. For this reason, 
most GPR systems operate at between 20 
and 500 MHz. Low frequencies have the 
disadvantage of having insufficient reso­
lution, since the smallest detectable 
object is on the order of a few tenths of 
a wavelength. 

To overcome the disadvantages of lower 
frequency, other variables in GPR have 
been manipulated by designers to achieve 
better performance. In order to improve 
resolution, several GPR systems have used 
a pulse consisting of a single cycle, or 
even half cycle, of the carrier frequen­
cy. Such monocycle pulse radars give the 
highest resolution consistent with a giv 

en carrier frequency. The choice of the 
carrier frequency itself is a tradeoff 

between using the lowest possible fre­
quency to obtain the maximum range and 
using a high frequency for better resolu­
tion. The frequency selected therefore 
depends on the particular application. 

Another problem with a GPR system is 
the design of an adequate antenna. The 
monocycle pulse has a very wide frequency 
spectrum, so a broadband antenna is re­
quired. At the low frequencies necessary 
for GPR use, antennas small enough to be 
practical tend to have extremely low 
antenna gains and broad beams. 

Any CPR system designed for in-mine use 
must represent a series of compromises 
among desired characteristics. Higher 
frequencies allow better resolution and 
more practically sized equipment, while 
lower frequencies provide better penetra­
tion. For optimum performance, CPR de­
signed for strata control in underground 
coal mines must be designed with these 
factors in mind. This report describes 
the design and testing of a CPR system 
for in-mine strata control. 

3Underlined numbers in parentheses re­
fer to items ii the list of references at 
the end of this report. 
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GROUND-PENETRATING RADAR (GPR) SYSTEM 

REQUIREMENTS 

In the initial phase of research for 
the strata control GPR, system require--­
ments were established for maximum per­
formance in detecting conditions that 
create roof stability problems in mine 
roof strata. From conversations with 
mining operations personnel and a review 
of accident reports of the Mine Safety 
and Health Administration (MSHA), guide­
lines were established calling for a max­
imum penetration depth of approximately 
10 ft into the min~ roof. The choice of 
carrier frequency required a decision be­
tween maximum penetration and optimum 
resolution. Since the necessary penetra­
tion of the roof strata was limited to 10 
ft, higher frequencies could be used and 
higher resolution could be obtained. 
Carrier frequencies of 250, 500, and 
1,000 MHz were therefore selected as a 
compromise between these variables, 

DESIGN 

The design of a GPR system for strata 
control had to reconcile system require­
ments with practical and available tech­
nology. Mobility and reliability became 
determining factors since the system 
would be taken underground into a cramped 
environment. To control the system, it 
was decided to use a commercial computer 
that could easily be reprogrammed in 
BASIC, rather than an imbedded micropro­
cessor. In this way the operating system 
could be modified as necessary. The pen­
alty for this approach was that the re­
sulting system was rather heavy and bulky 
for underground use. However, because of 
the nature of the research, it was de­
cided that flexibility in the system was 
a necessity. The system selected con­
sisted of four units: a transmitter, a 
receiver, a computer for system control 
and data acquisition, and a portable pow­
er supply. The overall GPR system is 
shown schematically in figure 1. 

The transmitter consisted of an AVTECH 
Electrosystems Ltd. model AVD,4 monocycle 
pulse generator, which produced a single­
cycle pulse of approximately 4-ns width; 
pulsers producing 2-ns and 1-ns pulses 
were also available. The pulse width 
could be changed simply by interchanging 
this one component. The pulse was fed 
through a 50-~ cable and a 50~:200~ balun 
to the antenna. In order to minimize 
loss in the cable, the pulser was mounted 
in close proximity to the antenna feed. 
The nanosecond pulser was driven by a 
600-ns, 4--V trigger pulse produced by a 
555 timer. The pulse repetition frequen­
cy was continuously variable from 500 
pulses per second to 10,000 pulses per 
second. The timer circuit also provided 
pulses for synchronizing the operation of 
the receiver sampling unit and the com­
puter. The timer circuit is shown in 
figure 2. 

The transmitting and receiving antennas 
were half-wave triangular dipoles with 
vertex angles of 90°. This configuration 
was chosen because it is the simplest 
geometry that seemed likely to provide 
adequate bandwidth in a reasonably sized 
antenna. Some problems were encountered 
with the antennas; a ringing was observed 
in the transmitted pulse that was not 
present when the pulser output was fed 
directly into a 50-~ resistive load. 
This effect was attributed to the an­
tenna's not being perfectly matched over 
the required bandwidth. 

The receiver consisted of a dipole an­
tenna that fed the reflected pulse 
through a balun, a matched filter, a 
voltage variable attenuator (Watkins 
Johnson WTG-1), and a low-noise preampli­
fier (Watkins Johnson 6203) to a sampling 
unit. In order to minimize transmission 
line losses, the balun, filter, attenua­
tor, and amplifier were mounted in close 

4Referencl~ to 8P,~(~ifi..c 
eauipment r1.0~S <lot i'nply 
the Bur'~:;l_ ' I -.If ~,u Ih~ : :;. 

trade niilllleS or 
endorsement by 
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FIGURE 1.. Schematic detai ling GPR system. 

proximity to the receiving antenna. The 
pulse sampling unit was a Tektronix 78-11 
sampler and 7T-11 time base in a 7834 
storage oscilloscope mainframe. The sam­
pling unit had an 8-4 sampling head with 
15-GHz bandwidth. 

The computer for system 
ta acquisition was a 
graphics computer, with 
drive, a 4631 hard copy 

control and da­
Tektronix 4052 

a 4907 disk 
unit, and an 

acoustically coupled modem. The computer 
had a CRT display and magnetic tape cas­
sette. Read-only memory (ROM) packs pro­
vided 2 digital-to-analog (D/A) channels, 
16 AID channels, and 16 relay closures. 
Additional ROM packs provided extended 
mathematical capabilities such as fast 
Fourier transform (FFT) and numerical in­
tegration firmware. The power supply for 
preliminary field testing was a 5-kW 



LM309K 
Red + ----<1.----. +5V 

Black 

Timing pulse out 

FIGURE 2 •• Schematic of pulse timer circuit. 

gasoline-powered ac generator with a SOLA 
constant voltage transformer. It was 
mounted in a utility trailer, which was 
also used to transport the antennas and 
the components mounted on them. The sam­
pling unit and computer were mounted in a 
console in the back of a vehicle. 

OPERATION 

The system, as designed, provided a 
portable GPR unit suitable for under­
ground testing. The operation of the GPR 
was automatically controlled by the com­
puter. A timer generated a trigger pulse 
that activated the nanosecond pulse gen­
erator. A synchronization pulse was ap­
plied to the sampling unit to initiate 
sampling. The delay between the arrival 
of the synchronization pulse and the time 
at which sampling occurred was controlled 
by a voltage (external sweep) that was 
provided by the computer. Thus, after 
each pulse, the sampling unit produced as 
an output a voltage proportional to the 
magnitude of one particular point on the 
received waveform. This value was digit­
alized and fed into the computer through 
an AID channel. The computer then step­
ped the external sweep signal (and 
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therefor e the time delay) to a new value, 
and another point in the waveform was 
sampled. This process was continued un­
til the entire waveform had been sampled 
point by point. In actuality, the sam­
pling point was not changed after each 
pulse but the same point was sampled on a 
number of successive pulses. These val­
ues were averaged to eliminate noise. 
The number of pulses averaged was under 
program control and could be varied from 
the computer console. Usually 25 to 100 
pulses were sampled and averaged at each 
point, and 256 points were taken per 
scan. About 100 s was required to re­
construct the complete waveform. 

When the entire received waveform had 
been sampled, the smoothed data were re­
corded on either magnetic tape or disk. 
The smoothed waveform was also displayed 
on the graphic system's CRT to provide 
the operator with "quick-look" data al­
lowing monitoring of the system opera­
tion. A hard copy unit allowed the oper­
ator to make a permanent record of the 
display if desired. 

For underground testing, magnetic tape 
was used for data storage. This allowed 
the hard copy unit and disk drive to be 
removed from the system, thereby reducing 
the amount of equipment that had to be 
transported underground. 

During in-mine operations, because of 
the high attenuation through rock, the 
signal reflected from deep within the 
rock would be much weaker than signals 
reflected near the surface. Therefore, 
it was desirable to increase the sensi­
tivity of the receiver as penetration in­
creased. This was accomplished under 
computer control by decreasing the front 
end attenuation between sample points. 
An algorithm was constructed to provide 
the proper change in attenuation, taking 
into account the exponential dependence 
of attenuation on distance and the non­
linear relation between the variable at­
tenuator and its central voltage. 

TESTING PROCEDURE 

A series of tests was initiated for 
each phase of development of the proto­
type GPR unit. These tests consisted of 
(1) laboratory measurement of signal 

propagation in air, (2) field measurement 
of signal propagation through soil, and 
(3) underground measurement of signal 
propagation through mine roof strata. 
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PROPAGATION IN AIR 

Signal propagation tests in air were 
conducted in the laboratory to determine 
optimum system operation. In a series of 
tests, antennas were placed at I-ft in­
tervals and were oriented at different 
polarities for each test. Afterwards, 
data stored on tape were analyzed and in­
strumentation adjustments made to improve 
the system performance. Analysis of the 
data revealed clear signal pulse readings 
with little signal attenuation when an­
tennas were directed parallel to each 
other. 

Figure 3 shows the radar scan in air. 
For this test the antennas were pointed 
toward each other, separated 5 ft, and 
had parallel polarization. Secondary 
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reflections were noted in the scan. This 
was attributed to the nondirectional wave 
path of the antenna with reflections. 
With antennas misaligned (vertical to 
horizontal), lower signal-to-noise ratios 
were observed in the scans. Polarity of 
antennas clearly affected the signal 
pulse and attenuation: parallel polariz­
a tion provided the optimum performance in 
air. 

PROPAGATION IN SOIL 

Initial field testing in soil was con­
ducted at a site in Jefferson County~ AL, 
to determine the propagation characteris­
tics of the radar unit through the earth. 
The GPR unit was transported to a loca·­
tion where a tank was buried 

30 40 50 
TI ME, ns 

FIGURE 3 .• GPR test in air. 



approximately 3 ft underground. There 
were approximately 6 in of asphalt over­
lying the clay soil. Unconsolidated mao 
terial consisting of rock and clay com­
prised the overburden. 

Figure 4 shows typical results of the 
soil radar scan. The antennas were loca­
ted on the ground surface and had paral­
lel polarization. Propagation velocities 
through the clay soil were approximately 
0.5 ft/ns. The pulse began at approxi­
mately 9 ns, and the reflected signal 
from the tank was received at 22 ns. 

In figure 4 the radar signatures cor­
related closely with anticipated reflec­
tions expected from a large buried metal­
lic object located 3 ft below the 
surface. 
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PROPAGATION IN UNDERGROUND MINE ROOF 

Field testing of the GPR at an under· ·· 
ground mine was conducted at Jim Walter 
Resources Inc. No.5 Mine, located in 
Tuscaloosa County, AL. Figure 5 shows 
the radar control console housing the 
computer, storage oscilloscope, pulsers, 
receivers, timing units, and power sup­
plies. A magnetic tape controlled the 
system and directed unit operation. 
Power was supplied by a 110-V ac outlet 
from an underground sectional power 
transformer, Figure 6 illustrates typ­
ical antenna installations against the 
mine roof. Parallel polarization of 
antennas again gave the highest signal­
to-noise ratios. 

30 40 50 

TIME, ns 

FIGURE 4. - GPR test through soil. 
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FIGURE 5. - GPR-operating control console. 

FIGURE 6. - Antenna installation aga inst mine roof. 



Radar scans were taken in an entry near 
the face of the section between crosscuts 
and on 7-ft centers right and left, re­
spectively, of the center line of the 
heading. A total of 46 radar scans were 
performed at 14 sites at various antenna 
polarizations. Figure 7 details a typ­
ical radar scan taken during the test 
with parallel antenna polarization. 

As noted on the scan, the initial pulse 
(first contact of mine roof) occurred at 
around 7 ns. Because of direct roof cou­
pling, this reflection would be small. 
The 12· ·ns, 17· ·ns, and 22-ns pulses seemed 
to indicate changes in homogeneity of the 
strata. This proved to be the case from 
ground-truthing S studies taken in the 
area. The pulse following (33 ns) ap­
peared to be a secondary reflection 
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similar to the 12-ns and 17-ns pulses. 
Because of this heterogeneity (small lay­
ering of rock and coal), interpretation 
of the coal seam and mine roof locations 
was left entirely to computer analysis. 
Overall system operation appeared ade­
quate. The only system modifications 
made were for antenna support and mobil­
ity. For further testing, an antenna 
support stand was constructed, which 
allowed the antennas to be moved across a 
support bar for improved scanning 
accuracy. 

s"Ground-truthing" refers to visual in­
spection of the mine roof, utilizing a 
bores cope placed inside a borehole in the 
roof. 

50 60 70 80 90 100 
TIME, ns 

FIGURE' 7 •• Radar scan taken during first underground field test. 
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GROUND TRUTHING 

To determine the accuracy of radar 
scans in mine roof stratigraphy, it was 
necessary to ground-truth the mine roof. 
To accomplish this, a series of holes was 
drilled in and beyond the first under­
ground test area to catalog the roof 
strata for future research. These holes 
were drilled on 7-ft centers approxi­
mately in the center of the heading and 5 
ft to the left and right of the center 
line. A bores cope was used to survey 
each hole, and the data were recorded in 
a lithographic log of the area. 

Results of the survey detailed an im­
mediate roof ranging in thickness from 3 
to 4 ft and comprised of a sandy shale 
material; an upper coal seam overlying 
this immediate roof, ranging from 2 to 4 
ft in thickness; and the main roof, ap­
proximately 7 ft into the strata. These 
were the general classifications of ma­
terials found in each hole; however, in­
dividual holes showed signs of hairline 
cracks, coal streaks, rash, and other 
discontinuities, which varied consider­
ably from hole to hole. 

STRATIGRAPHIC VERIFICATION OF GPR 

Two additional underground tests were 
conducted to determine system accuracy in 
identifying unknown anomalistic condi­
tions in the mine roof. From the litho­
graphic catalog plotted against the GPR 
patterns, it was determined that certain 
peak patterns of the scan represented the 
rock-coal-rock interfaces encountered in 
ground truthing. These underground tests 
were designed to provide a comparison of 
the GPR image and the ground truth. They 
conslsted of laying out an antenna pat­
tern against the mine roof perpendicular 
to the entry heading. Figure 8 shows the 
modified antenna supports, which allowed 
for accurate antenna placements against 
the mine roof and mobility for scanning 
on 6-in intervals. 

During the first verification test, 
difficulty was encountered in synchroniz­
ing on the initial pulse. With the sys­
tem not under computer control, the ini­
tial pulse can normally be seen on the 
CRT of the oscilloscope. During the test 
this could not be achieved, so the pulse 

could only be synchronized during the 
scan. This also was not successful be­
cause the signal would drift occasionally 
as if the pulse were lost, which proved 
to be the case. It was later discovered 
that the coaxial lead connections were 
shorting the scan, causing loss of recep­
tion, while the computer searched for a 
signal it could not find. 

The second verification test setup was 
similar to the first, except that it was 
in a mine area that had not been ground­
truthed. This test consisted of 16 scans 
on approximately 6-in centers where di­
rect roof coupling of the antenna was 
possible. The scan was conducted at S­
and 10-ns divisions. The data collected 
were analyzed visually, underground. 
They predicted the rock-coal-rock bound­
aries from the lithographic signatures 
derived from previous ground truthing and 
GPR reconciliation. Ground-truthing 
studies were then made of the test area 
to verify these results. 

DATA ANALYSIS 

The data from the underground tests 
were subjected to posttest mathematical 
analysis. Computer programs were written 
to read and process the radar signatures. 
First the signatures were digitally fit­
ted by convolution with the transmitted 
pulse. This is equivalent to detection 
with a matched filter. The convolution 
was carried out on the Tektronix 4052 

computer using the Tektronix--supplied FFT 
routine. The filtered signature was then 
processed to select the peaks in the sig­
nals and record the return times. These 
times were used to determine the dis­
tances to the strata interfaces, as de­
scribed below. 

The Jim Walter Resources Inc. No. 5 
Mine consists of two coal seams. The 
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FIGURE 8. - Modified antenna support stand. 

lower Blue Creek Seam, which is being 
mined, ranges from about 6 to 8 ft in 
thickness. The upper Mary Lee Seam is 1 
to 3 ft in thickness and is separated 
from the Blue Creek Seam by a 3- to 4-ft 
middle man of shale. At the interface 
between the middle man and upper seam 
there is typically a layer of rash con­
sisting of carbonaceous material that is 
a mixture of rock and coal. The rash 
ranges from 1 to 12 in, although in 
places it may be missing entirely. This 
rash material created problems in inter­
preting the radar signatures. Radar sig­
natures from the No. 5 Mine roof showed 
two strong returns. These were inter­
preted as being reflections from the in­
terfaces between the middle man and upper 
seam and between the upper seam and main 
roof. 

In order to calculate the thickness of 
the middle man and upper coal seam, an 
idealized roof geometry has been assumed, 
where both strata are assumed to be 
planes parallel to the mine roof. Fur­
thermore, it is assumed that the princi­
pal reflection from each interface is due 
to a small region where the directions of 
propagation of the incident and reflected 
waves make equal angles to the normal re­
flecting surface. The roof model is 
shown in figure 9. 

The transmitting antenna is located at 
T and the receiver at R; T and R are sep­
arated by a distance (a) equal to 2.6 ft. 
The first pulse propagates from T to A 
where it is reflected to R. The second 
pulse travels along the path TCBDR; hI 
and h2 are the thicknesses of the middle 
man and upper seam, respectively; and ~1' 
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I~ 

· r'-) 2 ----1 
a/2 ---1 

a 

R 

·1 
FIGURE 9. - R()()f model of GPR propagation characteristics. 

t 2, 81 and s2 are as shown in the figure. 
Let VI and V2 be the speed of propagation 
in rock and coal, respectively, and Tl 
and T2 be the propagation times of the 
first and second peaks. 

Also, (1) 

and (2) 

where nl and n2 are the indexes of re­
fraction of the media and c is the speed 
of light in air. 

From the figure, TI 

(3) 

Hence, 

For the second pulse, 

tl + t2 
a 

= 2' 

sin 81 
tl 

- ST' 

sin 82 =~ s2 
, 

sl2 tl2 + h 12 , 

S22 t22 + h22 , 

Rock 

Main roof 

Upper coal 
seam 

Middle man 
rock 

Air 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(1. 1 ) 



and (12) 

equations 6 through 12 so 
as to eliminate °1,°2 , St, s2' h2' and 

, the equation is obtained: 

Ax'1 4 + Bx'1 3 + Cx, 12 + Dx'l + E 0, (13) 

where n - n1 2 , (14) 

a (15) 

13 

from the a 
scan of the raw data. 

In order to this method, it is 
necessary to know VI and 
of in rock and coal. No data 
were available for the s 
coal in the test mine. 
assumed that 

) = 0.684 where 
in air. These 

those in 
(8). However, the actual 
agation at the test site could 

are 
literature 

of prop­
vary from 

the assumed values. 
A (1 The computer was to scan the 

radar signal and select the cor-
B (17) responding to the reflections from the 

lower face of the coal seam and the main 
C T) 2h 1

2 + n,2 2 , (18) roof. The polarity of the signal or 
-) corresponds to the placement of the 

D Bh,2, (l antenna. 

E a 2h 12 , 

and 13 2 = 
T2c 
-r" (21) 

Furthermore, it can be shown that 

where 

Now 

for tl 
into 

These 

(22) 

a 
2" (23) 

hI can be found from equation 5. 
13 is then solved numerically 

and the results are substituted 
22 to obtain h 20 

calculations form the basis for 
of the radar signatures 

field tes A com-
program was to calculate 

the immediate roof-coal 
and the coal seam-main 

seam 
roof 

interface 
interface 

10 shows both the 
structure of the mine roof, as determined 
from and the computer 
search for peaks, as represented 
by X's and a's. The "X" corresponds to 
the main roof-coal seam interface, and 

to the coal seam-
roof interface. Note points A 

computer, 

10. These correspond to 
and as determined by 

for the radar scan taken 
at the 6.S-ft reference location. 
11 is the 
GPR 

of the 
close to 

the immediate 
shown in 

and main roof, as 

the stratigraphic 
structure of the mine roof at the second 

signal 
a's. 
sentation of 
points A and 

verification test site. GPR 
are indicated by X's and 
13 shows the repre-

the the correlation of 
B is shown on 12. 
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CONCLUSIONS 

The Bureau of Mines strata control GPR 
proved successful in laboratory tests and 
in its initial deployment underground. 
Test data indicated that a GPR system can 
be adapted to underground mine strata 
control practices by being used to map 
large-scale mine roof features. The sys­
tem is capable of penetrating 8 to 10 ft 
of mine roof material while accurately 
portraying mine roof conditions . Analy­
sis of the data has shown a correlation 
between the return signal and the 
geologic changes in the mine roof , Such 
features as middle man rock , upper coal 
seam, and the main roof were identifiable 
from the return radar signals . A8 can be 
seen in figures 10, 11, 12, and 13, a 
correla t ion exists between the plotted 
data po ints of the computer-enhanced fil­
tered signatures, which selected the sig­
nal peaks, and the bores cope data. 

An exact knowledge of the dielectric 
properties of the strata should shift the 
points closer to the ground-truthing 
curve. Rash ma terial, encounte r ed in the 
fringe zones of the major strata changes, 
created interpretational problems. This 
rash material ranged from nothing to 
approximately 1 ft thick. Difficulty was 

encountered in trying to enhance radar 
images where this material existed. In 
view of the generally successful opera­
tion of the strata control GPR, 
experimental work in these unresolved 
problem areas is expected to produce 
significant results. 

Future research should include optimiz­
ing frequency and resolution characteris­
tics for determining of micro features. 
Image- 'enhanced radar signature data is an 
area of continuing research, and more 
work in this area should yield dividends. 
The system hardware should be redesigned 
to miniaturize it using an integral 
microprocessor containing all system 
functions where possible. The permissi­
bility requirements of MSHA must be con­
sidered for any system designed to be 
used underground. Incorporation of the 
GPR into mining equipment (e.g., a roof 
bolter), as system deployment is present­
ly envisioned will require MSHA approval. 
Redesign of the antenna would also help 
in system deployment. Data output should 
be simplified, ideally in the form of an 
interpretative digital printout for use 
of personnel not technically trained. 
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